AbstrAct
The use of fiber optic cable in support of bandwidth expansion has become de rigeur. Not only does optical fiber offer tremendous bandwidth, it is also low in attenuation, small in cross section, inexpensive, and impervious to electromagnetic interference, and there are significant economies of scale on components developed for the myriad of optical communications markets (long haul, fiber to the home, metro networks, etc.). Shorthaul requirements continue to grow and are expected to exceed the capacity of simple single mode fiber transmission. Spatial multiplexing is a new technique in fiber communications allowing fiber capacity to grow in another dimension by carrying signals on orthogonal modes of light. The short length and high capacity requirements for data center and fronthaul links make them well suited for exploitation of orbital angular momentum (OAM) of light in spatial multiplexing. We report experiments using commercial transceivers for OOK at 10 Gb/s on three channels (30 Gb/s total on fundamental and two OAM modes), and 10 Gb/s OOK on fundamental and DP-QPSK at 100 Gb/s on two OAM modes. OOK transmission was error free (< 10 -12 ), while DP-QPSK had error below 10 -7 .
Growth of short-hAul trAnsport requirements
In 2015, the amount of data processed yearly in data centers surpassed 4.7 zettabytes (or 10 21 bytes, or 1 trillion gigabytes), while the massive progress in social networking, cloud computing, and big data applications continues [1] . More than 75 percent of overall data center traffic remains within data centers at short distances. These trends are driving research for low-complexity short-haul links.
Similarly, the infrastructure of fifth (next) generation (5G) networks must evolve to meet the explosive growth in bandwidth demand of mobile networks. Change is essential to meet the targeted 1000 times capacity growth in 5G: 10 times growth in spectral efficiency (SE), energy efficiency (EE), and data rate. Cloud radio access networks (CRANs) have a proven track record of reducing both capital and operating expenditures, as well as increasing efficiency by physically distributing the functionalities of a mobile station.
However, today they require significantly greater bandwidth than backhaul. Carriers are looking for solutions offering high-capacity transport media that support a reliable and transparent path for scalability in next-generation networks including fronthaul network radio access technologies and short-haul applications, with maximum deployment efficiency and flexibility of the installed infrastructure.
Many advances have been made to increase the capacity of optical fiber via multiplexing. In the next section we briefly cover optical multiplexing strategies and the technologies that have enabled their adoption. At the end we discuss these options for supporting bandwidth requirements in fronthaul. We see that orbital angular momentum (OAM) is uniquely appropriate to meet the fronthaul challenge.
multiplexinG in opticAl communicAtions
Communications engineers have been working miracles for decades by weaving together the most appropriate combination of available multiplexing strategies. The price per bit per kilometer in optical communications has plummeted again and again as new components and fibers have stretched the carrying capacity of each multiplexing dimension. We have seen multiplexing over time rise on the wave of faster and faster electronics. Multiplexing in frequency was first enabled by the Erbium doped fiber amplifier (EDFA), and then again with the semiconductor optical amplifier. Polarization multiplexing and quadrature amplitude modulation (QAM) burst on the optical communications scene together as very large-scale integration (VLSI) advanced and signal processing at optical transmission speeds became cost effective. Coherent detection, the strategy that allows optical receivers to distinguish phase changes, lingered as an exotic technology until laser linewidths narrowed and digital signal processing could be brought to bear on phase tracking. Once that hurdle was passed, adding the algorithm to separate two polarizations was easy. The watershed moment for optical multiplexing strategies was when pushing time/wavelength dimensions (on-off keying at 40 Gb/s) gave way to adding polarization/QAM (DP-quadrature phase shift keying, QPSK, at 100 Gb/s).
There is now much discussion of the last multiplexing dimension to exploit: space. Of course, running multiple fibers in parallel has been going on since fibers were first laid, but while this brings an increase in capacity, it does not reduce the cost per bit. Just as the EDFA revolutionized wavelength multiplexing by having a single component amplify a myriad of wavelength channels simultaneously, we need components that will let us superimpose multiple channels within the same fiber. This is the motivation for recent intense research into spatial (or modal) multiplexing. Historically, fibers came in two varieties: single-mode fiber and multimode fiber. In both cases the fiber was treated as a single information channel, either riding on a single mode or propagating on a superposition of hundreds or thousands of modes. Current research is focusing on so-called few-mode fiber, where the number of modes is kept low, and each mode is exploited as a separate communications channel within the same fiber.
Surprisingly, it was the advent of powerful application-specific integrated circuits (ASICs) that stoked interest in spatial multiplexing. Polarization multiplexing could double capacity once 2×2 multiple-input multiple-output (MIMO) electronic processing superseded complex and expensive polarization tracking systems. Spatial multiplexing of N simultaneous modes of light in one fiber could exploit the same MIMO algorithms, using 2N × 2N MIMO to bring even greater multiplicative factors for capacity. By far the greatest activity in modal multiplexing is for linearly polarized (LP) modes, which are well known from transmission in multimode fiber with large cores [2] . Systems have been demonstrated where N = 3 to N = 6 LP modes are carried in parallel on a single fewmode fiber, relying on digital signal processing (DSP) to decipher modes at a multimode receiver capturing these signals on synchronized rails [3] . While the complexity of MIMO algorithms can be high, that complexity is often dwarfed by other digital signal processing, for example, the compensation of chromatic dispersion over large distances. For short distances, the MIMO complexity may become dominant.
Other paths have emerged to allow space multiplexing without the requirement for largescale MIMO: multicore fibers and orbital angular momentum fibers. These multiplexing strategies rely on fiber designs that optically isolate the modes during propagation. The strategies are complementary. Hybrid strategies to support LP modes and multicore fibers have been demonstrated to reduce the burden of MIMO processing while at the same time increasing capacity. Similarly, cores that support orthogonal orbital angular momentum modes could be repeated in multiple cores of a single fiber, capacity growth without a large DSP burden. The race is on to develop components (fibers, couplers, multiplexers, and amplifiers) to push N, the number of modes, higher and higher.
The complexity of coherent receivers used for reception of polarization multiplexed signals and advanced modulation formats (with the requisite DSP, narrow linewidth lasers, optical hybrids, etc.) are currently only reasonable for long-haul applications. The fronthaul and short-haul markets need greener solutions: systems sensitive to cost, footprint, cabling, and operational complexity as well as power consumption. While coarse wavelength-division multiplexing (CWDM) offers short-term solutions for higher-efficiency fiberbased infrastructures, other longer-term optical transport technologies are being seriously considered by operators. Spatial-division multiplexing (SDM) offers an opportunity to multiply the carrying capacity of the optical fiber. In the case of OAM modes, this increase can be accomplished without the added burden of complex MIMO processing.
low-crosstAlk sDm with orbitAl AnGulAr momentum
Spatial multiplexing supposes the superposition of multiple modes carrying distinct data on each mode (i.e., separate communications channels). The modes form an orthogonal set. During propagation in fiber, however, interactions between the modes leads to leakage from one mode to another, causing crosstalk. At reception the orthogonal modes are demultiplexed, and each communications channel is captured. Due to the crosstalk, data has been smeared across channels rather than remaining in just one channel, requiring MIMO DSP. The complexity of the digital signal processing is a function of the walk-off between modes (i.e., the time interval of interactions). While this article examines the use of OAM as a modal basis for propagation in fiber, an informative discussion of the OAM basis for free space propagation can be found in [4] .
To understand why OAM modes hold greater promise for reception without MIMO signal processing than traditional LP modes, we must look at the source of the interactions between modes during propagation in fiber. Eigenmodes are by definition the modes that, when launched in the fiber, exit without modification; they are solutions to the vector version of Maxwell equations for the fiber. LP modes are the solution of the scalar version of Maxwell's equations, which is valid under the weakly guiding approximation, that is, when the refractive indexes of the core and the cladding are very close (say within 1 percent). Figure  1a shows the intensity profiles of four LP modes, LP01 mode being the fundamental mode. Under each intensity profile is the set of eigenmodes that combine to form each LP mode. Each eigenmode has a distinct effective index of refraction and a distinct propagation constant. Because of the disparate propagation constants, walk-off occurs, that is, the duration of the interaction occurs over a timescale proportional to the length of propagation and the difference in the propagation constants. Because the LP modes share eigenmodes, that is, the same eigenmode appears as a constituent part in more than one LP mode, those LP modes are inherently coupled and interact during propagation, leading to crosstalk. These are called mode groups. Figure 1b shows the contrasting situation with OAM modes. Once again, intensity profiles are displayed, in this case the typical doughnut-shaped profile of OAM modes. The sum of eigenmodes forming the OAM modes is a combination of two closely related solutions to Maxwell's equations: one eigenmode with even symmetry and the other with odd symmetry. As these two solutions have the same propagation constant, they experi- ence no walk-off. Since the OAM modes are constructed from distinct eigenmodes, it is possible to avoid interactions with a properly designed fiber.
Fibers designed for LP modes accept that interactions will occur in the fiber, and strive to minimize the walk-off in order to reduce the complexity of the required MIMO processing. These fibers (whether few-mode fibers or multimode fibers) do not facilitate OAM propagation without interaction. In the next section we discuss how we can design fibers that preserve the isolation of OAM modes from one another, thereby avoiding crosstalk and obviating MIMO processing. Figure  2 provides a summary of the contrasting strategy of spatial multiplexing with LP modes vs. OAM modes.
fibers for oAm
In designing fiber for OAM, we wish to ensure that the eigenmodes have indices of refraction that will favor the formation of an OAM mode, and avoid formation of LP modes. This is achieved by focusing on the separation of the index of refraction among eigenmodes. In designing polarization maintaining fibers, it was found that an index of refraction separation of at least 10 -4 ensured that signals would have minimal interaction. While it may sound small, this separation can be difficult to achieve among all pairs of eigenmodes without careful manipulation of fiber design.
The greatest effective index separation is achieved at maximal index contrast between the cladding and the core of the fiber. This is exactly the opposite of the weakly guiding condition where indices are approximately equal. Therefore, LP fiber design methods are doubly inappropriate: • Scalar solutions to Maxwell's equations are inaccurate as OAM fibers target high refractive index contrasts.
• Modal maps for LP modes do not separately address the eigenmodes that constitute the OAM modes. We proposed new design techniques exposing the underlying effective index separations for the eigenmodes based on our vector analysis [5] .We developed modal maps to gain precise control over the number of vector modes that can be supported for a given fiber design. This is particularly important when designing fibers for OAM transmission.
We have produced at Université Laval three OAM fiber designs, starting with a hollow tube, or air core, fiber [6] (Fig. 3b) , dramatically increasing the index contrast. It supports the highest reported number of OAM modes. Second, we produced an inverse parabolic graded index profile (IPGIF [7] ) that supports fewer modes than the air-core fiber, but has less loss (Fig. 3c) . Third, we produced a family of OAM ring-core fibers (RCF2 [8] in Fig. 3d ) fabricated by drawing five different fibers from a single preform.
We used tools developed in [5] to produce the RCF family [9] . This novel technique allows us to experimentally sweep design parameters and speed up the fiber design optimization process. Such a family of fibers can be used to examine system performance, but also facilitate understanding of parameter impact in the transition from design to fabrication. Simplified cutoff equations for RCF lead to a modal map specifying the number of guided modes for given fiber parameters. Our five RCFs all support OAM1 (some also support OAM2); however, they have different target values of effective index separation, allowing us to probe the ad hoc constraint of 10 -4 for minimal effective index separation.
components for oAm
While OAM fiber designs have attracted a lot of attention, adoption of SDM with OAM requires a few other key components for short-haul applications. Robust optical components such as the OAM beam generators, multiplexers, and demultiplexers are needed to transition from the scientific laboratory to commercial applications. A great variety of OAM beam generation techniques have been proposed and demonstrated, spanning free-space, integrated optics, and fiber-based methods. Some solutions also offer multiplexing and demultiplexing functions. Free-space approaches such as spiral phase plates, liquid-crystal-based spatial light modulators (SLMs), and plasmonic metasurfaces were adopted in the beginning. The generation of a single OAM mode in a conventional multimode fiber using stress or acoustic waves has also been demonstrated.
OAM beams created in integrated optics are of great interest for device miniaturization, enhanced stability, and lower cost, and have come to the fore in the last decade. Integrated silicon photonic optical phased arrays allow control of the phase of emitted light and hence the intensity profile of beams. The technique was improved to allow generation of different predetermined orders of OAM beams. Silicon-integrated OAM emitters using ring-shaped gratings were demonstrated [10] . The possibility to rapidly switch the OAM order (between -4 to +4) has also been demonstrated. The feasibility of generating OAM modes and dynamically changing the OAM order (between -1 and +1) was demonstrated on a siliconon-insulator chip, constructed by coplanar integrated elements of silicon waveguides and couplers.
An all-optical-fiber OAM generator, formed by several coaxial vortex structures with the same height and gradually decreasing width following the azimuth angle, was recently proposed. Another all fiber component, a fiber coupler consisting of a central ring and four external cores, was shown to generate OAM modes. Odd OAM orders (from -9 to +9) could be generated by appropriately designing the size of external cores. The symmetry of this component allows it to function as both multiplexer and demultiplexer in optical communication systems.
A hybrid device uses a free space propagation region and laser inscribed 3D waveguides to generate, multiplex, and demultiplex 15 OAM states [11] . In order to implement the photonic integrated circuits in communication systems and decrease the device cost size, it is preferable to have photonic integrated circuits perform the mode coupling. In [12] the authors proposed to couple to RCF using a circular grating coupler fed by an array of waveguides.
Finally, a continuously tunable OAM generator using a compact integrated silicon photonic circuit and electrical control was demonstrated. The compactness and flexibility of the device and its compatibility with complementary metal oxide semiconductor (CMOS) processing hold promise for integration with other silicon photonic components. OAM mode-selective spatial multiplexers and demultiplexers based on multiplane light conversion are being exploited commercially.
The development of OAM components is well begun, with research laboratories around the world focusing on improving the connectivity of OAM systems. Integrated devices are of particular interest and offer significant promise to bring OAM to commercial systems. OAM offers the great advantage of compatibility with simple single-mode transceivers, but only once low-cost multiplexers and demultiplexers are available.
DemonstrAtions of oAm
The first MIMO-free demonstration with OAM [13] had first order OAM modes multiplexed with the fundamental mode and transmitted over 1.1 km of OAM fiber (called vortex fiber). While no MIMO processing was used, the transmission required optical polarization demultiplexing. We demonstrated data transmission over 1.4 km of an RCF fiber, also supporting the first order OAM modes and the fundamental mode. We achieved reception without manual optical polarization demultiplexing; instead, we used electrical polarization demultiplexing in DSP [8] . We simultaneously transmitted four data channels over two OAM modes. Successful data recovery using electronic polarization demultiplexing was achieved for independent detection of each mode after propagation over 1.4 km of RCF fiber, with results presented in Fig. 4 [8] . In other words, a 2×2 MIMO processing separated polarization on each mode (standard commercial approach) but no 4×4 MIMO was required to separate modes.
Recent results have also examined eschewing polarization multiplexing to avoid even minimal 2×2 MIMO processing. For LP modes this takes the form of modulating mode groups rather than individual modes [14, 15] . For OAM modes this could be accomplished by intensity modulation of individual modes, as the modes do not interact in groups. Hence, with intensity modulation, OAM modes hold the potential for greater scalability than LP modes.
In this vein, we demonstrated a hybrid OAM strategy that used coherent detection of one mode and intensity modulation on another mode. We used commercial Huawei transceivers for the demonstration, with multiplexing and demultiplexing achieved in free space, using the ring core fiber shown in Fig. 3d .
The experimental setup is illustrated in Fig. 5 . A combination of polarization controller and collimating lens was used to properly adapt the signals for the polarization-sensitive spatial light modulator (SLM). For the 100G signal, an additional polarization beam splitter/combiner (PBS and PBC) were used to separate/combine the two polarizations in the mux/demux. To generate the first order OAM modes, vertically polarized light was incident on different spots of the SLM, where the appropriate spiral phase mask was applied for OAM mode generation. Quarter wave plate (QWP) polarization controllers after the SLM convert OAM beam polarizations from vertical to circular before combining with the fundamental beam and then coupling into RCF fiber; left circular for "OAM-1," right circular for "OAM+1."
The coupling stage consisted of coupling lens and two independent 3-and 6-axis translation stages. High alignment efficiency is required for pure mode excitation; we optimized the beams center and input surface area of RFC using 3 and 6 stages correspondingly. Demultiplexing follows a similar strategy to multiplexing, in reverse order, as detailed in Fig. 5 . For the dual polarized signal of the 100G card, we minimized the PMD and PDL effects via distance and loss matching for the two corresponding OAM modes in both mux and demux stages. Additional tunable delay lines and variable attenuators were used to compensate any residual effects by the mux and demux stages.
Two experiments were run. In the first, we used three commercial 10G Huawei transceivers (for single-mode systems without polarization multiplexing) running intensity modulated on-off keying (OOK) direct detection and operating at 1550 nm; two on OAM first order modes (OAM±1) and one on the fundamental mode (OAM0) for a 3.75 m RCF2. Error-free communication (<10 -12 ) was observed over a long time period, with negligible beam fluctuations on all channels. The experiment was repeated using 100G commercial Huawei transceivers (designed for single-mode systems) for the two OAM first order modes (OAM±1) and 10G without polarization multiplexing for the fundamental mode (OAM0), as illustrated in Fig. 5 . The 100G transceivers run QPSK and use coherent detection. A pre-forward error correction (FEC) bit error rate (BER) of 10 -7 was measured for the 100G card, while 10G transmission showed no BER degradation effects vis-a-vis the previous case. The experiment was then repeated for 100 m RCF. Coupling for OAM mode excitement was more challenging, and greater beam fluctuation was observed; the BER of 10G cards dropped to 10 -7 . The system acted transparently to a wide range of wavelength (10 nm) .
No customizations (DSP etc.) were made for 10G/100G transponders. Our successful demonstration clearly establishes the compatibility of OAM with commercial technology. OAM is a promising candidate for short-reach applications, with or without polarization multiplexing. Figure 4 . BER vs. baud rate for four information channels using electronic demultiplexing of two polarization states (separately for OAM1 and the fundamental mode) after 1.4 km propagation in RCF2 fiber (Fig. 3d) . 
FEC threshold
Electronic polarization demultiplexing no polarization control conclusion Spatial multiplexing is being heavily investigated to bypass the Shannon limit on fiber capacity, but it also offers an additional degree of flexibility in finding the sweet spot to balance capacity improvement with other system constraints. Spatial multiplexing with OAM offers the tantalizing possibility of reception without MIMO signal processing. This low-complexity OAM solution is attractive for short-haul systems, particularly data centers and fronthaul of future 5G mobile networks. 
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